There have been many alloy systems for the Mg based bulk metallic glasses (BMGs), with the previous optimum composition being Mg 65 Cu 25 Y 10 . In this study, new optimum alloy designs are made based on the theoretical model involving the electron per atom e=a-related criterion and the recent model of optimum composition extension from the binary eutectic-pair criterion. Both models suggest that the optimum Mg based BMGs might possess a composition with a lower amount of Mg element. It follows that a series of Mg based BMGs with 50-65 at% Mg and 10-25 at% rare earth element are prepared. The glass forming ability, thermal characteristics, and mechanical performance are examined and discussed.
Introduction
In 1990s, new ternary amorphous alloys were found in the Mg-TM-Ln, 1) La-Al-Tm 2) and Zr-Al-TM 3) systems by Inoue's group with much lower minimum critical cooling rates between 10-100 K/s. The Inoue's group also proposed the optimum composition in ternary Mg-Cu-Y system to be Mg 65 Cu 25 Y 10 .
4) The follow-up investigations on the Mgbased bulk metallic glasses (BMG) have been directed to the addition of the quaternary element to improve the glass forming ability (GFA). Men et al. 5) and Yuan and Inoue 6) reported that the addition of Ni and Gd can change the properties of Mg-TM-Ln system alloys. Senkov and Scott 7) reported that the medium size of element in a ternary amorphous system should have the minimum amount, and the Mg 65 Cu 25 Y 10 system is not consistent with this idea. There have been many attempts to predict the optimum alloy compositions based on theoretic modeling. For example, Lu et al. 8) and Dong et al. [9] [10] [11] presented the binary eutectic pairs criterion and the e=a-related criterion to predict the optimum compositions of Zr or Cu based amorphous alloys. In this paper, the application of these two models for the Mg based system is addressed. The feasibility and the thermal characteristics of the resulting amorphous alloys are discussed.
The Binary Eutectic Pairs Criterion
Based on this binary eutectic-pairs model, 8) the optimum ternary composition can be roughly located by the extension from the binary eutectic pairs. For optimum ternary compositions, it is suggested to have the heat of mixing (ÁH m ) in the eutectic elements to be within À20 to À30 kJ/mol. Second, the eutectic reaction occurs at the lowest temperature. Finally, the eutectic reaction lies between two line components. Successful trials have been made on the Zr-NiCu-Al and Zr-Fe-Cu-Al systems. For Mg based amorphous alloys, ÁH m of Mg and its associated elements (e.g. Cu, Ag, Ni, Y, or Gd) is generally higher than À10 kJ/mol. The feasibility of this model is worthy of examination. Taking a ternary Mg-Cu-Gd amorphous system for instant, there happen to be an apparent eutectic reaction at Mg 85:5 Cu 14:5 (on the Mg side, but with ÁH m,Mg-Cu of only À3 kJ/mol), and many eutectic reactions at Cu 71 Gd 29 , Cu 55 Gd 44 and Cu 30 -Gd 70 (with ÁH m,Cu-Gd of À22 kJ/mol), and a less apparent eutectic reaction at Mg 91 Gd 9 (with ÁH m,Mg-Gd of À6 kJ/ mol), as shown in Fig. 1 . Since the ÁH m values of the base metal Mg with the alloying elements of Cu and Gd are both low, it is difficult to extract the optimum composition using the same rule previously for Zr based alloys. 8) If compulsorily applied, the composition yielded will be Mg 87 Cu 10 Gd 3 or Mg 69 Cu 28 Gd 3 . The 3% Gd as the only large-sized element in this alloy has been found in our laboratory to be too low to impose the randomization effect to form an amorphous alloy.
In this study, alternative combinations are tried to determine the ternary composition. According to the concept of binary eutectic pairs, a binary eutectic phase with the lower negative heat of mixing possesses the larger part in the ternary system than the phase with higher one. For example, using examine the GFA behavior of these alloys with the amount of the rare-earth element greater than 10%.
The e=a-Related Criterion
It is well know that the Hume-Rothery phases are kinds of electronically stabilized composition when a pseudo-gap is formed across the Fermi level (E F ). In this case, the total kinetic energy of valence electrons would be reduced, which results in lowering the system energy. Therefore, the Fermi surface-Brillouin zone (FS-BZ) interaction, denoted as 2K f $ K p , where K f is the Fermi sphere diameter and K p is the reciprocal peak vector defining a width of the Brillouin zone, is believed to be a mechanism directly related to the formation of the pseudo-gap at E F . 12, 13) For the HumeRothery phase, the density of states manifests pseudo-gap at specific reciprocal lattice vectors. As result, the predominant BZs are defined with these reciprocal lattice vectors (K hkl ) associated with the FS-BZ interaction. Also, the 2K f $ K p , criterion was proposed by Nagel and Tauc for the amorphous Hume-Rothery phase.
14) Thereby, the formation and stability of amorphous alloys, and quasi-crystals and their crystalline approximants were extensively discussed by the similar Hume-Rothery interaction mechanism. [15] [16] [17] Based on the above mentioned FS-BZ mechanism, both empirical electrons/atom constant rule and empirical electrons/atom variant rule (usually called as e=a-related criteria) were mostly proposed by Dong to optimize the multi-component compositions with high GFA. [9] [10] [11] Some successful examples have been achieved by applying the e=a-related criteria to predict the optimal multi-component compositions in Zrbased and Cu-based amorphous alloys. [18] [19] [20] The e=a-variant criterion is embodied in a ternary system by special e=a-variant line, which is defined by linking the third element to a special composition point in a binary subsystem, usually the deep eutectic point or a special atomic cluster composition. For the Mg-Cu-Gd ternary system, the f-shell electrons for Gd will lead to the uncertainty of the e=a ratio. By using the X-ray diffraction information and the alloy density, the width of the Brillouin zone K p , and finally the e=a ration can be evaluated. [9] [10] [11] In order to predict the ternary Mg-based amorphous compositions, the e=a-values for Mg, Cu and Gd are first evaluated as 2.0, 1.0, and À1:0, respectively. There are many eutectic reactions between Cu-Gd. Among these eutectics, the composition is Cu 71 Gd 29 is closer to the Cu-rich side, thus allowing the resulting ternary alloys to have a composition with a lower amount of the expensive Gd rare-earth element. Therefore, the composition is taken as the starting point to construct the e=a-variant lines in the ternary Mg-Cu-Gd system, as illustrated in Fig. 2 . The composition in the e=a-variant line is Mg x (Cu 71 Gd 29 ) 1-x for the present ternary system. Meanwhile, according to previous experiences, the range of optimum composition of Mg element is usually from 
Experimental Methods
The Mg-TM-Ln amorphous alloys were chosen for the investigation. The pre-alloyed ingots of binary (Cu-Y, Cu-Gd and Cu-Nd) and quaternary (Cu-Gd-Nd-Y) alloys were first prepared by arc melting under a Ti-gettered argon atmosphere. The purity of Cu, Nd, Gd and Y is 99.999%, 99.9%, 99.9% and 99.9%, respectively. Then the ingots and pure Mg (99.99%) were melted in an induction furnace under a purified argon atmosphere. After complete melting, metallic glassy ribbons of about 100 mm in thickness and 10 mm in width were subsequently prepared by the single roller meltspinning technique, which the Cu wheel is rotated with high speed of 25 m/s. The as-quenched ribbons were first confirmed to be amorphous using Siemens D5000 X-ray diffraction (XRD) with monochromatic Cu-K radiation. Thermal properties of the metallic glassy ribbons were characterized by Setaram differential scanning calorimeter (DSC) with a heating rate of 40 K/min under a flowing argon atmosphere.
Results and Discussions
Due to the difficulty in precise control of alloy content, some of resulting alloys have compositions only close to the set goal, but mostly within 1-3% discrepancy. Figure 3 shows the X-ray diffraction patterns obtained from some representative melt-spun specimens. Most of the specimens exhibit a broad diffused peak in the range of 30 -50 , and no detectable crystalline peak is observed. It is evident that these Mg-based melt-spun ribbons are mostly of the amorphous state. But alloys with the large-sized elements (Gd, Nd or Y) greater than 18% tend to show crystalline peaks in the X-ray patterns, including Mg 50 Cu 32 Gd 18 , Mg 50 Cu 27:5 Nd 7:5 Gd 7:5 -Y 7:5 (i.e. with overall large-sized elements of 22.5%), and Mg 59 Cu 17 Gd 24 . On the basis of X-ray results, it is apparent that excessive large-size rare-earth elements will promote nano-crystallization of, for example, GdCu, as a result of the high heat of mixing between Gd and Cu.
The DSC tracts of some of the representative melt-spun specimens are shown in Fig. 4 . All of the Mg-based specimens show distinct glass transition followed by a supercooled region and then exothermic reactions due to crystallization. The thermal characteristics of the representative specimens at the heating rate of 40 K/min are summarized in Table 1 The experimental results suggest that the alloys with a lower amount of the medium-size matrix element of Mg, from 65% down to 50-55%, coupled with a higher amount of the large-sized element(s) to 11-15% and the small-sized element to 30-35%, will still be within the promising range. Some of the predicted alloy compositions from the two models basically reside in this region.
According to the three empirical rules, proposed by Inoue, 21) the multi-component system consisting of more than three main elements tends to show a higher GFA. In this study, the multi-component specimens of Mg Meanwhile, according to the e=a criterion, the Mg-Cu-Gd specimens all locate on or close to the e=a-variant line except for the Mg 59 Cu 17 Gd 24 (Fig. 2) ; the Mg 59 Cu 17 Gd 24 is close to the predicted composition by the binary eutectic-pairs criterion but with maybe too excessive Gd. For the Mg-CuGd alloys with the e=a ratio ranging from 1.24 to 1.45, the thermal properties do not reveal distinct degradation. It implies that the Gd-containing alloys might have a looser constraint in terms of satisfactory GFA.
The application of the binary eutectic pair scheme to the Mg based amorphous alloys is subject to the problem that the Mg-Cu-Gd(Y) liquids can not be classified as ''ideal glassforming liquids'' as defined in the original paper. 8) For an ideal glass-forming liquid in a ternay alloy system A-B-C, A-B and A-C atom pairs are required to form strong bonding while B-C atom pairs should have much weaker bonding (or with a low heat of mixing). In this case, A-B and A-C eutectic pairs would exist in the liqhid state and thus affect the stability of the glass state. For the Mg-Cu-Gd system, only the Cu and Gd atoms form strong atomic pairs due to their high negative heat of mixing (À22 kJ/mol), while Cu-Mg and Mg-Gd atomic pairs are much weaker because of their low negative heat of mixing (À3 and À6 kJ/mol). In view of be stronger. For applications which need higher glass transition temperature and higher hardness, the incorporation of a higher total amount of multi-component elements might be an alternate route.
Conclusions
Based on the results observed from the Mg-TM-Ln amorphous alloys, the thermal properties can be summarized below:
(1) The binary eutectic-pairs and the e=a-invariant criteria are applied to the Mg-Cu-Gd based amorphous alloys. The experimental results are partly consistent with the predictions, but the models would fail when an excessive amount of the large-sized rare-earth element is added, as a result of crystallization tendency between Gd and Cu with a higher heat of mixing. (2) Among the Mg-Cu-Gd based alloys with Gd from 6 to 24%, the 
